In the femtosecond laser ablation experiment for silicon in water, we observed formation of two kinds of nanostructure with a fine period of ~ 150 nm and a coarse one of ~ 400 nm. It is found that the fine structure can be formed in a restricted range of low fluence of 60 -70 mJ/cm 2 , and its formation is preceded with the surface corrugation due to the coarse structure. In addition, the period sizes in fine and coarse nanostructures were insensitive to the superimposed shot number of laser pulses, while those are very sensitive to the fluence. The formation process of fine nanostructure is illustrated and analyzed with our model of the periodically enhanced near-field through the excitation of surface plasmon polaritons. The calculated near-field period is in good agreement with that observed in the experiment.
Introduction
In a recent decade, ultrashort-pulse lasers have been used extensively to produce periodic nanostructures on the surface of solids such as dielectrics [1] [2] [3] [4] , semiconductors [5] [6] [7] [8] [9] [10] and metals [11, 12] , and also inside transparent materials [13, 14] , where the observed size of nanostructures is much less than the laser wavelength λ, suggesting potential applications of ultrashort-pulse lasers to nanoprocessing. In particular, the laser nano-processing of silicon (Si) is attractive for a variety of applications, while nanostructuring has been observed for various kinds of materials. Nanostructure formation on Si has been observed in water and oil with superimposed fs laser pulses at low fluence around or less than the single-pulse ablation threshold [6] [7] [8] [9] . Several mechanisms of nanostructuring on Si surface have been proposed, but detail of the physical process is not understood well.
Based on a series of experimental studies for hard thin films such as diamond-like carbon and TiN [2, 3, [15] [16] [17] [18] [19] , we have shown that near-field enhanced with fs laser pulses plays an essential role to initiate the nanoscale ablation on the target surface [15] [16] [17] , and the nanoscale periodicity can be attributed to the excitation of surface plasmon polaritons (SPPs) in the surface layer [18] .
In this paper, we report an experimental study of nanostructure formation on Si surface in water that has been made to see the nanostructuring process and applicability of our model of nanostructuring to semiconductor materials.
Experimental
The target used in the experiment was the p-type crystalline Si substrate of 300 µm in thickness, which was placed in a small cell filled with distilled water. The Si surface was irradiated through the 2-mm thick water layer and a quartz window of the cell. We used 800 nm, 100 fs laser pulses with linear polarization from a Ti:sapphire laser system operated at the repetition rate of 10 Hz. The laser pulse was focused on the target surface with a 1000-mm focal-length spherical lens at normal incidence. The focal spot size on the target was 200 µm in radius at e -2 of the maximum intensity with the lowest-order Gaussian intensity profile observed with a CCD camera.
Throughout of the experiment, we used lineally polarized pulses, and the fluence F on the Si target was less than the single-pulse ablation threshold. Then the ablation of Si surface was induced with superimposed multiple laser pulses. The superimposed shot number N was in a range of N = 1 -2000. The pulse energy was precisely controlled to be in a range of 16 -32 μJ with a pair of the polarizer and a half-wave plate.
We observed in detail the morphological change on Si surface as a function of N for different fixed values of F at intervals of ~ 5 mJ/cm 2 or less in a range F = 50 -100 mJ/cm 2 . The ablated surface was observed with a scanning electron microscope (SEM). To measure the spatial distribution of the structural period d on the ablated surface, the surface structure of the central 6 × 6 µm 2 area on the focal spot of each SEM image was analyzed with the two-dimensional Fourier transform. Figure 1 shows the SEM image of the ablated Si surface and its power spectrum observed as a function of N at a fixed fluence of F = 60 mJ/cm 2 , where the spectral peak is normalized by the maximum value.
Results and discussion
At the low fluence in Fig. 1 , the periodic structures are formed in the direction parallel to the laser polarization. This structure is observed to start to be formed in the central part of the focal spot with N = 400, where the distribu- tion of d represents a broad spectrum in a region of d = 130 -600 nm with a peak at d ~ 400 nm. With increasing N, the high-frequency components around d ~ 150 nm increases rapidly to form a structure including double peaks, as seen in Fig. 1(b) . With a further increase in N to 800, the coarse structure density at d ~ 400 nm decreases rapidly in the spectrum, and the surface gets to include a high density of the fine line-like structure with a period of d ~ 150 nm, as shown with the sharp isolated peak in Fig. 1(c) . This observation strongly suggests that the coarse structure should be the source of the fine structure. In other words, the fine structure would efficiently be produced with the near-field enhanced around the initially produced coarse structure. This has been confirmed with the results shown in Figs. 1(c) and (d) for N = 1000 and 2000, where the high-frequency peak becomes much sharper, and the whole imaged surface tends to be covered with the fine periodic structure with d ~ 150 nm. It is noted that the fine period d is almost constant with an increase in N.
We found that the high-density formation of the fine nanostructure was observed in a small range of F = 60 -70 mJ/cm 2 . This indicates that the experimental condition for nanostructuring with d ~ 150 nm is very sensitive to F. Figure 2 shows the SEM image of Si surface ablated at a higher fixed value of F = 75 mJ/cm 2 and its power spectrum, observed as a function of N. For N = 200, the coarse structure is formed in the central focal spot area. The frequency spectrum represents a broad distribution in a range of d = 170 -900 nm with a peak at d ~ 400 nm, as seen in Fig. 2(a) . With increasing N, the observed spectra appear to maintain the distribution with the density peak at d ~ 400 nm and never include any distinct peak suggesting the fine structure formation. Instead, the spectrum tends to reduce the relative density of higher and lower frequency components to have a sharper peak at d ~ 400 nm, as seen in Fig. 2(b) -(e). It is also noted that the peak position at d ~ 400 nm is almost constant with an increase in N.
As mentioned above, Si surface in water could be nano-structured under the restricted conditions of F and N, especially in a small range of F. To see in detail the effect of F on nanostructuring, the results obtained are compared as a function of F for a fixed N. Figure 3 shows an example of the SEM image and its power spectrum that are lined up as a function of F for N = 1000. When F was less than 60 mJ/cm 2 , Si surface was never ablated with N < ∼ 2000. The ablation to form the nanostructure with d ~ 150 nm started to be observed at F ~ 60 mJ/cm 2 , as shown in Fig. 3(a) . With a small increase in F, the density of low frequency components around d ~ 400 nm increases on the surface, as clearly seen in the spectrum shown in Fig. 3(b) . At F = 70 mJ/cm 2 , however, the high-frequency components in a range of d = 150 -200 nm still survive in the surface structure, as shown in Fig. 3(c) . With increasing F up to 75 mJ/cm 2 and higher, the high-frequency components of d < ~ 200 nm decreases, and then the coarse periodic structure with d ~ 400 nm covers the whole imaged area, as seen in Figs. 3 (d) and (e). In addition, the SEM images show a structure with a large period of d = 2 -3 µm along the direction perpendicular to the laser polarization.
Thus we conclude that the fine nanostructure formation was possible for Si surface in water by using superimposed multiple fs pulses at a moderate fluence of F = 60 -70 mJ/cm 2 . The ablation trace would certainly be the fingerprint of the generation of periodically enhanced near-field on the target surface during the interaction of surface with fs laser pulses. The above results suggest that the fine nanostructure should be formed through non-thermal process at low fluence, similarly for DLC and TiN [3, 15] . A higher fluence would produce excess thermal energy in the surface layer to disturb the formation of the fine periodic structure, even if the periodically enhanced near-field is created in the interaction.
In the following we restrict our discussion to the fine structure formation process. The experimental results obtained may allow us to model the nanostructuring process of Si, using the physical process that we have recently proposed with respect to DLC [17, 18] .
When Si surface is irradiated with fs laser pulses, free electrons are produced in the surface layer. Since the present experiment employs a low fluence so that Si surface starts to be ablated with superimposed multiple shots of laser pulses, the target surface before ablation should undergo a bonding structure change. In fact, it is well known that crystalline Si irradiated with fs laser pulses is modified into amorphous Si (a-Si) [20] . In the present experimental conditions, we may expect that the a-Si layer would be formed on the target surface by the superimposed multiple shots of fs laser pulses before ablation.
For simplicity to illustrate the nanostructuring process, we assume that two layers consisting of the upper a-Si and lower Si layers are formed on the target surface just before ablation, as illustrated in the inset of Fig. 4 . The ablation is initiated on the modified surface layer where a high density of free electrons is produced with the fs laser pulse. The generation of high-density free electrons should lead to a rapid and a large change in the dielectric constant of the upper a-Si layer during the ultrafast interaction with the target. In the most initial stage of ablation, a small number of N at a low fluence would first produce a weakly corrugated coarse structure on the surface, as seen in Fig.  1(a) . The corrugated structure is able to couple the incident fs pulse with the SPPs. The SPPs can be excited at the interfaces between water and the a-Si layer and also between the a-Si layer and the Si substrate with subsequent pulses.
With the dispersion relation of the surface plasmons [21] , the surface plasmon wave number k sp is expressed as k sp = k 0 [ε water ε'/(ε water +ε')] 1/2 , where k 0 is the wave number of the incident light in vacuum, ε water and ε' are the relative dielectric constants of water ε water = 1.76 at 800 nm [22] and the a-Si layer including the effect of free electron, respectively. The SPPs produce periodically enhanced near-field at the interfaces to induce local ablation at a spatial period 2π/(2Re[k sp ]).
Using the Drude model, ε' in the laser field is given by ε' = ε -ω p 2 /(ω 2 +iω/τ), where ε is the static relative dielectric constant of the target surface, ω is the frequency of the incident light in vacuum, τ is the Drude damping time, and ω p = [e 2 N e /(ε 0 m*m)] 1/2 is the plasma frequency with dielectric constant of vacuum ε 0 , electron charge e, electron density N e , free electron mass m, and optical effective mass of carriers m*. In the calculation for the incident laser wavelength of 800 nm, we used the following values: ε = 13.5 + i0.0384 for Si [23] ; ε = 14.9 + i0.627 for a-Si [24] , m * = 0.2 for Si [25] and a-Si, and τ = 1 fs [26] . Although discussion on the interaction process for the coarse periodic structure formation at d ~ 400 nm is beyond the scope of this paper, the experimental results suggest the ripple formation due to optical interference of the incident laser radiation with scattered and/or diffracted electromagnetic wave on the surface [27] , or the interference process including the surface plasmons can produce sub-wavelength ripples as small as ~ λ/2 [28, 29] .
Also we notice that thermal process play an important role in the formation of the coarse structure, as well as in the suppression of fine-structure formation.
Conclusions
We have experimentally studied nanostructuring of Si surface irradiated in water with fs laser pulses. The results have shown that the fine nanostructure with d ~ 150 nm can be produced in a restricted condition of small laser fluence, and the fine structure is developed from the initial coarse periodic structure with d ~ 400 nm. The fine structure formation process has been modeled and analyzed with our model of the periodically enhanced near-field through the excitation of SPPs. The characteristic fine period of nanostructure observed is in good agreement with the calculation.
